ABSTRACT -Moderate food restriction (FR) has been established as a nutritionally appropriate and well-controlled method with long-term beneficial effects in conducting toxicity and carcinogenicity studies in rodents. This study describes the early effects of moderate FR on toxicity study parameters in rats and on the variability of these parameters. Physical signs, body weight, food and water consumption, and clinical pathology parameters were examined in a 4-week study in which rats were moderately foodrestricted or fed ad libitum (AL). There were no diet-related differences in physical signs, hematology or urinalysis. FR-related changes were observed in body weight and serum biochemistry; however, most of the changes involved anti-aging alterations and/or physiological adjustment to FR. Moderate FR resulted in low variability and good reproducibility in body weight. The present results indicate that moderate FR does not impair study parameters and increases statistical sensitivity. Therefore, a moderate FR feeding regimen is beneficial not only for long-term but also for short-term toxicity studies in rats.
INTRODUCTION
Laboratory rodents are used as surrogate models for humans in the study of potential toxicity and carcinogenic effects of drugs, food additives and chemicals in a process referred to as risk or safety assessment. Many factors can affect the results of toxicity studies. Thus, attempts must be made to control as many potentially confounding experimental factors as possible in order to define treatment-related changes precisely with the smallest group sizes statistically possible. Ad libitum (AL) overfeeding has been identified as the most significant uncontrolled factor affecting rodent bioassays; it can induce adverse events such as increased variability, decreased survival and increased tumor incidence in rodent bioassays Duffy et al., 1989; Haseman and Rao, 1992; Roe et al., 1995; Turturro et al., 1996) .
Food restriction (FR) reduces the likelihood of these adverse events because it can delay or prevent spontaneous diseases and improve survival (Masoro et al., 1991; Weindruch, 1989; Keenan et al., 1992 Keenan et al., , 1994 . A moderate level of FR, which corresponds to 70 to 75% of the maximum unrestricted AL food intake, has been recommended in toxicity studies based on the following advantages. Moderate FR improves survival, which allows more time for treatment-related tumors to become detectable and increases exposure time to the test substance, thereby leading to an increased statistical sensitivity of rodent carcinogenicity studies (Keenan et al., 1992 (Keenan et al., , 1994 (Keenan et al., , 1999 . Moderate FR eliminates or reduces the incidence of non−tumor related pathologies, which are confounding factors in risk assessment (Keenan et al., 1994 (Keenan et al., , 1999 MolonNoblot et al., 2001) . Moderately food-restricted rats are healthier and can tolerate higher doses of pharmaceuticals without observable changes in absorption, metabolism or systemic exposure, indicating that the FR-fed rat is a more appropriate model than the AL-fed rat to study possible toxic effects of compounds (Keenan et al., 1996 (Keenan et al., , 1999 . Moderate FR has been shown to improve survival without impairing growth and routine clinical pathology parameters in a 2-year rodent study, although severe FR (corresponding to 55% of maximum unrestricted AL food intake) adversely affects these parameters (Hubert et al., 2000) . In addition, the U.S. Food and Drug Administration (FDA; Duffy et al., 2001) and Society of Toxicologic Pathology (Nold et al., 2001) have stated that dietary restriction is needed in rodent bioassays. Concern exists as to whether FR decreases the sensitivity of rats to carcinogenesis since many studies indicate that a high level of FR prevents both spontaneous tumors and those related to exposure to known carcinogens (Kritchevsky et al., 1984; Ruggeri et al., 1987) . However, this issue can be resolved by the use of moderate but not severe FR (Keenan et al., 1994 (Keenan et al., , 1996 . Therefore, the moderate FR regimen is a nutritionally well-founded and well-established method in conducting toxicity and carcinogenicity studies in rodents.
Although previous reports emphasize the longterm benefits of moderate FR, little research has focused on the early effects of moderate FR in rats. The primary purpose of this study was to investigate the effects of moderate FR and AL overfeeding on toxicity study parameters in rats over a 4-week period. Another major objective was to evaluate the variability of these parameters including diurnal variation of body weight under both conditions.
MATERIALS AND METHODS

Animals
Sixty female and 60 male Crj:CD(SD)IGS rats, age 4 weeks at arrival, were maintained at 22 ± 3°C and conditioned to a 12-hr light/12-hr dark cycle with light on from 07:00 to 19:00 daily. An AL feeding regimen was used for all animals for 1 week from the day of arrival. All animals were housed individually in wirebottom cages, fed PMI Certified Rodent Diet #5002, and given water AL. At 5 weeks of age, the rats were separated into two groups (30 rats/sex/group) based on a body weight-balanced random allocation scheme, consisting of an AL group that continued to receive food AL and an FR group that received 16 and 22 g/ day in females and males, respectively. All rats were fed at 13:00 daily. A 2-week acclimation period was provided to animals on the moderate FR feeding regimen. The 2-week period was selected based on preliminary data indicating that rats showed a steady eating pattern approximately 2 weeks after changing from AL to FR feeding regimen. Out of 30 rats/sex/group, 15 (subgroup A) were assigned for body weight and food/ water intake measurements, and another 15 (subgroup B) were assigned for hematological and serum biochemical examinations and urinalysis. All experimental procedures have been subjected to evaluation and were approved by the animal ethics committee of Banyu Pharmaceutical Co., Ltd.
Study Design
The duration of the experiment was 4 weeks. Physical signs were observed daily. Body weight and food/water consumption were measured at 09:00, 13:00, 17:00, and 21:00 for 3 days/week (every other day) and at 09:00 on the other days on all rats in subgroup A. Hematological and serum biochemical examinations and urinalysis were conducted on all rats in subgroup B in Study Weeks 2 and 4. Prior to bleeding, food was withdrawn at 15:00 (overnight fasting). Rats were anesthetized with ether and bled from the orbital sinus at around 09:00 into EDTA tubes for hematology or into serum separator tubes for serum biochemistry. Hematological parameters included red blood cell count, hemoglobin concentration, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, platelet count, and white blood cell count (Coulter Counter S Plus IV; Coulter Electronics, FL, USA). Leukocyte differential counting was obtained from microscopic examination of blood smears with Wright-Giemsa staining. Serum biochemical parameters included glucose, urea nitrogen, creatinine, total protein, albumin, albumin/globulin ratio, triglycerides, cholesterol, total bilirubin, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, calcium, sodium, potassium, chloride, and phosphorus (Hitachi 7070; Hitachi, Tokyo, Japan). Urinalysis parameters included quantitative determination of urinary volume and specific gravity (Clinilab II; Beyer Medical, Tokyo, Japan); semiquantitative determination of pH, protein, glucose, ketones, occult blood, urobilinogen, and bilirubin (Clinilab II; Beyer Medical, Tokyo, Japan); and microscopic examination of sediments.
Statistical Analysis
Data were expressed as the mean ± SEM. Rankit transformation (Harter, 1961) was performed on the hematological and serum biochemical parameters as well as urinary volume and specific gravity data in order to stabilize the variability among the animals. Due to the large number of tests performed for this group of parameters, p-values were adjusted for the multiplicity (Westfall and Young, 1989) . For the body Vol. 31 No. 3 weight data, the weight change was calculated as a percentage from 09:00 on each day. The coefficient of variation (CV%) for each dietary group was calculated based on the body weight percentage change data as per (standard deviation / mean value) ×100. The diurnal magnitude of body weight changes was calculated as the difference in values between minimum and maximum within a day.
RESULTS
No differences in physical signs between the FR and AL groups were observed.
Body weight changes throughout the study period are shown in Fig. 1 . The body weight gains throughout the study in the FR group were approximately 50% of those in the AL group for both sexes. Daily body weight changes in Study Week 1 are shown in Fig. 2 . The body weight in the FR group increased markedly after daily feeding, and that in the AL group increased daily toward the next morning. Each pattern of daily body weight changes was similarly observed thereafter.
Food and water intake in Study Week 1 are shown in Tables 1 and 2 , respectively. In the FR group, food was consumed generally within 4 or 8 hr after feeding.
Food consumption in the FR group between 09:00 and 21:00 and between 21:00 and the next 09:00 was approximately 95% and 5% of total daily food consumption, respectively. Water intake in the FR group was associated with food consumption. In the AL group, food and water were consumed throughout the day. Food consumption in the AL group between 09:00 and 21:00 and between 21:00 and the next 09:00 was approximately 30% and 70% of total daily food consumption, respectively.
Individual diurnal body weight changes in Study Week 4 are shown in Fig. 3 . From visual inspection, the interindividual variability of the pattern in the FR group was lower than that in the AL group. The diurnal magnitude of body weight change, which is the difference between minimum and maximum values within a day, was 21.4 ± 1.0 g and 30.4 ± 1.3 g in FR females and FR males, respectively, and 8.1 ± 0.7 g and 13.5 ± 1.0 g in AL females and AL males, respectively. The CV of body weight percentage change in both groups is shown in Table 3 . The CVs in the FR group were much smaller than the AL group for both genders.
There were no diet-related differences in hematological and urinalysis parameters. The statistically and biologically significant differences in serum biochemical parameters are shown in Table 4 . FR-related increases in glucose level (increased by 13% to 25%) were observed in Study Week 2 only. FR-related decreases in total protein (decreased by 3% to 10%) associated with decreased albumin were observed in Study Weeks 2 and 4. FR-related increases in triglycerides (increased by 61% to 120%) were observed in Study Weeks 2 and 4. There were no remarkable differences in variability of the clinical pathology parameters between both groups throughout the study period (data not shown).
DISCUSSION
A previous 2-year study has shown that moderate FR has no long-term adverse effects on toxicity study parameters in rats (Hubert et al., 2000) . The present study provides information about the effects of moderate FR in a short-term study. In this study, all FR rats exhibited good general condition throughout the study period. The body weight gains over 4 weeks in the FR group were comparable to those in the previous study, in which the beneficial effects of moderate FR have been confirmed (Hubert et al., 2000) . In addition, on a daily basis, the average body weight of FR rats increased satisfactorily. There were no significant dietrelated differences in hematology or urinalysis. Dietrelated differences were observed in serum glucose, total protein and albumin, and triglycerides. Hypogly- Mean WC/day 21:00 -09:00* 09:00 -21:00 17:00 -21:00 13:00 -17:00 09:00 -13:00 23.8 ± 1.0 5.1 ± 0.9 18.7 ± 0.8 FR female 5.4 ± 0.7 11.9 ± 1.0 1.3 ± 0.1 28.5 ± 0.7 6.6 ± 0.7 21.9 ± 1.0 FR male 8.7 ± 0.5 12.1 ± 0.8 1.1 ± 0.1 25.4 ± 0.7 17.4 ± 0.6 8.0 ± 0.6 AL female 4.0 ± 0.3 1.2 ± 0.1 2.8 ± 0.3 32.0 ± 0.9 22.8 ± 0.8 9.2 ± 0.4 AL male 6.6 ± 0.3 0.7 ± 0.1 1.9 ± 0.1 WC: water consumption. *: 09:00 on the next day. Data are expressed as mean ± SE. cemia has been reported in FR animals Keenan et al., 1994; Masoro et al., 1989; Prescott-Mathews et al., 1998; Roe et al., 1995; Snyder and Towne, 1989; Molon-Noblot et al., 2001; Gumprecht et al., 1993) ; this finding supports the widely held theory that FR acts by preventing long-term damage to fuel use from the glycation reaction (Masoro, 1996 (Masoro, , 2001 Masoro et al., 1992; Masoro and Austad, 1996) . However, in the present short-term study, an increase in serum glucose (+13% to 25%) was observed in FR animals in Study Week 2 only. Since changes in the metabolism of carbohydrates are known to occur around the initiation of FR in order to utilize food more efficiently (Lima et al., 1981; Hell et al., 1980) , the change in glucose in the present study may point to one of the processes of carbohydrate metabolic adaptation to FR. Slightly decreased serum total protein was observed, associated with a decrease in albumin in FR animals. FR-related decreases in total protein and albumin have previously been reported in SD rats (Hubert et al., 2000; Coleman et al., 1997) and in Wistar rats (Roe et al., 1995) . FR-related decreases in serum lipids have been reported in rodents Keenan et al., 1997; Hubert et al., 2000) . However, in the present short-term study, serum triglycerides were increased in FR rats (1.6 to 2.2-fold) compared to AL rats. FR is known to increase insulin tolerance around the initiation of FR (Hell et al., 1980) , although longterm FR enhances insulin sensitivity and prevents an age-related rise in serum triglycerides (Reaven and Reaven, 1981) . The increased triglycerides observed in the present study may be related to the early effect of FR. Thus, most of the serum biochemical changes are considered to be among the alterations induced by antiaging low-calorie regimens and/or physiological changes involved in adjustment to FR. Therefore, the present results indicate that moderate FR does not impair physical signs, body weight, hematology, serum biochemistry and urinalysis even in short-term studies in rats.
In long-term rodent bioassays, moderate FR causes increased longevity and low variability in body weight and increases statistical sensitivity (Keenan et al., 1994; Duffy et al., 2001 ). The present results indicate an additional advantage in the use of moderate FR. It is noteworthy that FR induces low variability and good reproducibility in body weight. The low variability in body weight is considered to be related to the manner of food intake. Since FR rats consume all food immediately after feeding, their body weights greatly change with low variability; in contrast, AL rats consume food in a more diffuse pattern, and thereby the body weights change with high variability and poor reproducibility. Therefore, the present results indicate that moderate FR is beneficial in detecting true effects even in short-term studies in rats.
Previously, diurnal variations of body weight have been reported in freely fed rats (Minematsu et al., 1994 (Minematsu et al., , 1995 . The present study determined the pattern and range of daily body weight change in rats under moderate FR. FR rats also exhibited a diurnal rhythm in body weight. These results indicate that the time of measuring body weight must be taken into consideration under moderate FR condition, as well as under the AL regimen. In addition, the present results suggest that it is important to pay attention to the time relation between body weight measurement and feeding because the body weight values in FR rats differ remarkably pre-and post-feeding. However, this added attention is controllable and can be avoided by feeding the rats after routine laboratory measurements are completed.
Moderate FR has been previously reported to provide scientists with excellent animal models for toxicity and carcinogenicity studies. The rationale has been supported by the results of long-term studies. The present study supports the hypothesis that a moderate FR feeding regimen is beneficial not only for longterm but also for short-term toxicity studies in rats, even though some simple steps must be taken to achieve good results. Ultimately, moderate FR will improve the quality of rodent studies and enable researchers to determine potential toxicities with greater precision, sensitivity and coherence.
